STRONG ORBIT EQUIVALENCE OF LOCALLY
COMPACT CANTOR MINIMAL SYSTEMS
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ABSTRACT. We study minimal self-homeomorphisms of zero dimensional metrizable
locally compact non-compact Hausdorff spaces. For this class of systems, we show
that the ordered cohomology group is a complete invariant for strong orbit equiva-
lence, i.e. topological orbit equivalence with continuous orbit cocycles. This is an
“infinite” counterpart of a well known result of Giordano, Putnam and Skau about
compact Cantor systems.

0. INTRODUCTION

The seminal paper [GPS1] demonstrates a comprehensive analysis of topologi-
cal orbit equivalence of minimal Cantor systems. It appears that Ky-theory yields
complete information about the orbit structure of such systems. However in that
and the subsequent papers on topological orbit equivalence ([GW], [BH], [GPS2))
only homeomorphisms of compact spaces were considered. In contrast to that, the
main purpose of the present work is to study minimal systems on locally compact
non-compact totally disconnected metrizable spaces. It turns out that the dynami-
cal properties of these systems are rather different from their compact counterparts.
For instance, the set of points with dense semi-orbits is not the entire space but
only a dense Gy with empty(!) interior. It is well known that a topological ver-
sion of the Rohlin lemma (“Kakutani-Rohlin” tower analysis) is crucial in studying
Cantor systems on compact sets ([Ve], [Pu], [HPS]). However it fails in the locally
compact case because of a “bad recurrence” property: every open compact set has
a nonempty wandering subset. (See Section 1 for details.) In Section 2 we provide
a family of examples of minimal systems on locally compact Cantor spaces. They
are uniquely ergodic. This means that they admit a unique up to scaling o-finite in-
variant Radon measure, i.e. a Borel measure which is finite on the compact subsets.
(Remark that for some subclass of this systems, the invariant measure is finite.)
We hope that they will work as a good source for modeling topological and mea-
surable transformations with various dynamical properties like power minimality,
power (weak) mixing, rank-one, etc. (see [Dal).

In Section 3 we show that the one-point compactification of a locally compact
minimal system yields an almost minimal compact Cantor system. This means
that there is a fixed point and the orbit of any other point is dense. We study
these systems applying the machinery from [HPS]. Specifically, we describe the
“almost minimality” in terms of the underlying Bratteli diagrams and the ordered
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cohomology groups. This analysis works in the final Section 4 to study the strong
orbit equivalence. Two locally compact non-compact Cantor systems (X, ¢) and
(Y,v) are strongly orbit equivalent if there is a homeomorphism F' : X — Y and
two continuous maps n,m : X — Z such that

F(¢z) =" @ F(z), F(¢™"z)=¢F(z).

The main result here is as follows: ¢ and v are strongly orbit equivalent if and only
if K%X,¢) and K°(Y,4) are isomorphic as ordered groups. Remark that in the
locally compact setting we define K as a quotient of the continuous functions that
vanish at the infinity.

Acknowledgments. My attention to topological orbit equivalence of Cantor sys-
tems was attracted by C. Skau who delivered several lectures on this subject during
his visit to Kharkov. The idea of studying non-compact systems appeared at that
time. I would like to thank him for discussions and for his useful remarks on the
first version of this paper.

1. “LOCALLY COMPACT” SYSTEMS

Let X be a locally compact totally disconnected metrizable space. It follows that
X is zero-dimensional, i.e. there is a (countable) basis of closed and open sets (see,
for instance [HR]). Clearly, we may assume even that these sets are compact. If,
in addition, X has no isolated points then we shall call it a locally compact Cantor
(“LCC”) set. A well known theorem of Cantor says that all compact LCC sets are
homeomorphic. We record a “locally compact counterpart” of it as follows.

Proposition 1.1. FEvery two non-compact LCC sets X and Y are homeomorphic.

Proof. Take a countable family of compact open subsets O,, C X such that X =
UZO:1 On and put X1 = 01, X2 = 02 \ 01, X3 = 03 \ (01 U 02),.... The
subsets X, are compact, open, pairwise disjoint and Uzozl X, = X. Since X is
non-compact, we may assume without loss in generality that all X,, are nonempty.
Every X,, has no isolated points, since X so is. In a similar way, we represent Y as
a disjoint union of a countable family of compact Cantor sets Y,,. By the Cantor
theorem, there is a homeomorphism ¢,, : X,, — Y,,. “Glue” these homeomorphisms
altogether to obtain a homeomorphism ¢ : X — Y as desired. [

Let ¢ denote a homeomorphism of the LCC set X. We say that ¢ is minimal
if every ¢-orbit is dense in X. Clearly, minimality is equivalent to ¢ having no
non-trivial closed invariant subset Y, i.e. ¢(Y) =Y implies that Y = X or Y = ().

Given z € X, let wy(z) denote the set of accumulation points of the forward
semi-orbit {¢™x | m > 0} of z. In a similar way, w_(z) denotes the set of accumu-
lation points of the backward semi-orbit of z. Clearly, w4 (z) and w_(z) are closed
and invariant. Since X = w4 (z) Uw_(z) and X is uncountable, at least one of the
sets w4 (x) or w—_(z) is nonempty. We set

Xy ={reX|wi(e) =X}, Xo={reX|w_(z)=X}.

By the above observation Xy U X_ = X. Clearly, X; and X_ are both invariant.
It is well known that X, = X_ = X if X is compact. However, in the locally
compact case the situation is quite different.



Theorem 1.2. If X is non-compact, then X and X_ are invariant dense Gs in
X and their interiors are empty.

Proof. Let {O,}>2; be a base of the topology on X. One can verify that

X = Ueo.
n=1k=1m>k

Hence it is a G5 in X. Suppose that the interior of X, is not empty. Take a
compact open subset O in it. For each x € O, denote by n(x) the least positive
integer n such that ¢"z € O. Since z € Xy, amap O 3 z — n(x) € Zy is well
defined. It is easy to verify that this map is continuous and hence bounded. We
put O := Uszo ¢"O, where N := max,eco n(z). Then O’ is a compact subset of
X and ¢O’ C O'. Hence the subset O” := (>, $"O’ is nonempty, compact and
¢-invariant. This contradicts to the minimality of ¢ (recall that O” # X since X is
non-compact). Arguing in a similar way we deduce that X_ is also a G5 in X and
its interior is empty. To complete the proof it is enough to show that X, is dense
in X. The closure X, of X, is closed and invariant. If X, = () then X_ = X,
which contradicts to the fact that the interior of X_ is empty. Thus X, = X, i.e.
X, is dense in X, as desired. U]

Corollary 1.3. If X is non-compact then X N X_ is an invariant dense Gs with
empty interior.

Definition 1.4. A subset Y C X is called wandering if the sets ¢"Y, n € 7Z, are
pairwise disjoint.

Given Y C X, weput Yy, := {y € Y | ¢y, ¢%y,--- ¢ Y}. It is easy to verify
that Y,, is wandering. Moreover, it is the largest wandering subset of Y. If X is
compact then Y, = ) for every clopen subset Y of X [Pu]. This property can be
considered as a “good recurrence”. Unlike this we have a “bad recurrence” in the
non-compact case.

Proposition 1.5. If X is non-compact and Y compact and open then Y, is a
nonempty closed subset with empty interior.

Proof. Clearly, Y, = Y N (X \ ¢ 1Y)N (X \ ¢ 2Y)N.... Hence it is closed. If
Y, = 0 then “the first return map” n : Y 3 y — n(y) € Zy is well defined (see
the proof of Theorem 1.2). Arguing in a similar way as in that proof one obtains
a contradiction. Hence Y,, # (). If Y,, contains an open subset O then the subset

Unez @"O is invariant and open. Without loss in generality we may assume that

O #Y. It follows that J,,c; #"O # X and hence O = (). O

2. A FAMILY OF EXAMPLES

We provide here a class of examples of minimal dynamical systems on non-
compact LCC sets. They are infinite counterparts of uniquely ergodic compact
systems because they have a unique (up to scaling) o-finite invariant measure. We
record a necessary and sufficient condition under which this measure is finite.

Let C,,, F,, n = 1,2,..., be two sequences of finite Z-subsets such that the
following properties are satisfied for each n:

(1) Fn + Cn—|—1 + {_]—7 07 ]-} C Fn—|—17
(i) (Fn = Fn) N (Cpg1 — Cpya) = {0},
(iii) |Cp| > 1.



For each n =1,2,..., we put X,, := F}, x [],-,, Cr and define a map 4,, : X,, —
X,41 be setting

in(fnvcn—&—lacn—i—Z; .. ) - (fn + Cn+1,Cn+42, .- )

In view of (iii), X,, equipped with the product topology is a compact Cantor set.
We deduce from (i) that i, is well defined and continuous. It follows from (ii) that
in is one-to-one. Moreover, i, (X,) is a clopen subset of X, 1. Denote by X the
topological inductive limit of the sequence (X,,,4,). Then X is a non-compact LCC
set. We let

Dy :={x = (fn,cnr1,...) € X | fu + 1€ By},
R, = {xz(fmcn-l-lw“)EXn|fn_1EFn}'

It is clear that D,, and R,, are clopen subsets of X,, and i,,(D,,) C Dy41, in(Ry,) C
R, +1. From this and (i) we deduce that

(1) inj im(D,,, i,,) = injlim(R,,, i) = X.

n n

Now we define a map ¢,, : D,, — R, by setting ¢, (fn,Cna1,--.) = (fn+l,cne1,...)-
It is a homeomorphism and the diagram

D, | Dipia

d)nl l¢n+1

Rn 4> Rn+1

in

commutes. We deduce from this and (1) that a homeomorphism ¢ : X — X is well
defined as the inductive limit of the sequence of “partial” transformations ¢,.

Theorem 2.1.
(i) ¢ is minimal,
(ii) there ezists a unique up to scaling ergodic o-finite ¢-invariant measure p
on X which s finite on the compact subsets,
(iii) w is finite if and only if lim,, % < 0.
Proof. Let us regard X as the union of X,,, n € N. It is clear that the ¢-orbital
equivalence relation on X,, is just the tail equivalence relation. Moreover, if ©z =
(fr,Cnt1s-..) and @/ = (fh,¢hiq,...) are two points of X, with z = ¢¥Fz’ then
k= fun—fi+cng1 —cppq + . (Remark that only finitely many terms here are
non-zero.) (i) and (ii) follows directly from this. Notice that the restriction of p
onto X,, is just the infinite product of equidistributed measures on F,, and C,,,
m > n. Hence
N(XH—H) . |Fn+1|

N(Xn) N |FnHCn+1‘ ,

(iii) follows from this since pu(X) = lim, oo u(X,). O

n € N.




3. ONE-POINT COMPACTIFICATION

Denote by X, = X U {x} the one-point compactification of X. If X is not
compact then the point * of X, is not isolated. Hence X, is a compact Cantor
set. It is easy to see that there exists a unique homeomorphism ¢, of X, whose
restriction to X is ¢: one should put ¢.(x) = *. Although ¢, is not minimal any
more, it is almost minimal. This means that

(a) there is a fixed point and
(b) the orbit of any other point is dense.

We record without proof the following obvious assertion

Proposition 3.1. The one-point compactification provides a one-to-one correspon-
dence between the minimal non-compact LCC-systems and the almost minimal com-
pact Cantor systems. Furthermore, two LCC-systems are topologically conjugate if
and only if their compactifications so are.

Notice that an almost minimal Cantor system is essentially minimal in the sense
of [HPS, Definition 1.2]: the fixed point is the unique minimal set. Hence we may
apply certain structural theorems from that paper to almost minimal systems. To
this end we introduce concepts of an almost simple ordered Bratteli diagram and
an almost simple ordered group. (Below we freely use definitions and notations for
ordered Bratteli diagram, Vershik transformation, ordered group etc. from [GPS1].)

Definition 3.2. An ordered Bratteli diagram (V, E, >) is called almost simple if:

(a) There is a unique infinite path in F,,.x and it is the only infinite path in
Enin as well. (It follows that each incidence matrix has a row consisting of
“0”-s and one “1”. Without loss of generality me may—and shall—assume
that this is the last row and “1” stands at the right corner.)

(b) There is a telescoping (V', E’) of (V, E) so that for each (V', E’)-incidence
matrix, the entries outside the last row are greater than 1.

Example 3.3. We define two sequence of finite Z-subsets as follows:
F,:=[-3"+1,3"—1]NZ, Cp41:=1{0,2-3"—1},

n=0,1,.... It is easy to verify that the conditions (i)—(iii) from the beginning of
§ 2 are satisfied. Denote by ¢ : X — X the corresponding minimal transformation.
Like in Theorem 2.1 let us regard X as a union of X,,. Now we set

J(n,1):=4-3"—-1, J(n,2):=1,

Z(n,1,j) ={-3"+j}x [[ CmCXunsr, j=1,....J(n1),
m>n—+1

Z(n,2,1):= X, \ (X, UZ(n,1,J(n,1))).

Then we have (see [HPS, Theorem 4.2]):
(a) Pn = {Z(n,k,j) | k=1,2,5 =1,...,J(n,k)} is a partition of X, into
clopen subsets,

b) Z(n,1,J(n,1))UZ(n,2,J(n,2)) = X, \ X, and ), (Xs \ Xpn) = {*},

) Z(TL, L, 1) U Z(?’L, 27 1) = X, \ ¢(Xn)7

) ¢(Z(n,1,7)) = Z(n,1,j+1), 1 <j<J(n,1),

e) Pp41 is finer than P,

(f) U,, Pn generates the topology of X,.
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Now we construct the ordered Bratelli diagram associated to (a)—(f) via the proce-
dure described on p. 841-842 of [HPS] (a routine calculation is omitted):

The only infinite path in Ep;, (and in Eyay) is

Each incidence matrix (except the first one) is ( 2) . Hence the Bratelli diagram

0 1
associated to ¢, is almost simple.

Definition 3.4. An ordered group (G, G™") is called almost simple if G has a unique
proper order ideal J and G/J is Z.

Denote by Cy(X,Z) the group of continuous functions from X to Z which vanish
outside compact subsets. Clearly, the map ¢, : f — fo¢~! is an automorphism of
Co(X,7Z). Let K°(X, ¢) stand for the quotient group Co(X,Z)/Im(id—¢*). Denote
by KY(X, ¢)™ the image of Co(X,¢)" in K°(X,¢). For X compact, we obtain just
the usual definition of K°-invariants ([HPS], [GPS1]).

It follows from [HPS] that (K°(X., ¢.), K°(X., ¢«)T,1) is a dimension group
with an order unit. It has only one proper order ideal which is the image in
K°(X.,¢.) of the elements of C(X,,Z) which vanish at . Thus this ideal is
isomorphic to K°(X,¢). Since every order ideal of K°(X,¢) is an order ideal of
K9%(X,, ¢4), we conclude that Ky(X,¢) is simple ordered. The quotient group
K9 X,,¢.)/K°(X,¢) is Z. Thus (K°(X.,¢.), K°(X.,¢.)") is almost simple. It
is interesting to notice that the ordered group (Co(X,Z),Co(X,Z)") has no order
units while its quotient (K°(X, ¢), K°(X, ¢)") does have (the minimality of ¢ plays
the role here).

Slightly modifying the argument of [HPS] we obtain

Theorem 3.5. Let ¢ be a minimal homeomorphism of a non-compact LCC set
X. Then (X, ¢.) is conjugate to the Vershik transformation constructed from an
almost simple ordered Bratteli diagram (V,E,>). Moreover, K°(X,, ¢.) is iso-
morphic to Ko(V, E) as ordered groups with distinguished order units. The map
(X,¢) — (V,E,>) is induced to a bijective correspondence between the conjugacy
classes of minimal systems on non-compact LCC sets and the equivalence classes of
almost simple ordered Bratteli diagrams. For each almost simple ordered dimension
group (G,GT), there is an almost simple ordered Bratteli diagram (V,E,>) such
that (G,G*,1) = (Ko(V,E), Ko(V, E)T,1).

It would be interesting to describe the unique order ideal in Ky(V, F) in terms
of the diagram (V,E). To this end we consider the partition of V' into levels
V =VWuV,U... and denote by M, the incidence matrix between levels n and



n + 1. Since (V| F) is almost simple, M, is of the form

M. — M, :
" *
0O ... 01
Recall that Ko(V, E) = injlim(Z!V=!, M,,) and put J = injlim(Z!V»|=1 M,,). Then
the following commutative diagram
giVol _ Mo . il M1 gl M Ko(V, E)
giVil-1 M v Ma J

determines an embedding J — Ky(V, E). The vertical arrows here are of the form:
ZIVel=1 5 (a1,...,ap,|-1) — (a1,...,ay,|-1,0) € ZIVnl,
Thus if Ko(V, E) corresponds to Ko(X., ¢.), then J corresponds to Ko(X, ¢).

Proposition 3.6. Two almost simple ordered dimension groups are isomorphic as
ordered groups with distinguished order units if and only if their proper ideals are
1somorphic as ordered groups.

Proof. is routine if one represent the dimension group as an inductive limit of
Cartesian powers of Z with positive homomorphisms. [

Remark that this claim is not true for arbitrary almost simple ordered groups.

4. STRONG ORBIT EQUIVALENCE

Recall that two minimal dynamical systems (X, ¢) and (Y,1)) are topologically
orbit equivalent if there is a homeomorphism F' : X — Y so that F(Orbity(z)) =
Orbity, (Fz) for all x € X. Two maps n: X — Z and m : Y — Z are well defined
by

(2) F(¢x) =" P(x),  F(¢™ @) = v F ().
They are called the orbit cocycles associated to F'.

Definition 4.1. Let ¢ and v be topologically orbit equivalent minimal homeo-
morphisms on non-compact LCC-sets X and Y respectively. They are strongly
orbit equivalent if there is a topological orbit equivalence F' : X — Y such that the
associated orbit cocycles n and m are both continuous.

Remark that this definition is different from that used in the compact case (cf.
[GPS1], [GW].) Actually, the continuity of the orbit cocycles (even one of them)
implies that the compact systems are flip conjugate.

Extend F to a homeomorphism F : X, — Y, (this extension is unique). Clearly,
F, is an orbit equivalence of (X, ¢.) and (Yi,1.). However the associated orbit
cocycles are no longer well defined at * € X,. Defining them at this point in an
arbitrary way, we obtain some extensions n* and m* of n and m respectively. These
orbit cocycles can have only one point of discontinuity, namely *. Thus the strong
orbit equivalence of non-compact minimal systems corresponds to the strong orbit
equivalence (in the usual sense) of their one-point compactifications.
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Theorem 4.2. Let ¢ and ) be two minimal homeomorphisms of non-compact LCC
sets X and 'Y respectively. The following are equivalent:
(i) ¢ and ¥ are strongly orbit equivalent,
(ii) K°X,¢) and K°(Y,%) are isomorphic as ordered groups,
(iii) K°(X.,¢«) and K°(Y,,1.) are isomorphic as ordered groups with distin-
guished order units.

Proof. (ii)<=>(iii) by Proposition 3.6.

(i)==(ii) Without loss of generality we may assume that X =Y (see Proposi-
tion 1.1). Slightly abusing notation (redenoting F' o ¢ o F~! by ¢) we rewrite (2)
as

o(z) = ") (2), ¢ =1p(z),

where n,m : X — 7Z are continuous maps. Given an open compact subset £ C X,
we have a finite partition of F into clopen subsets F = Ufcv:l FE., where

Ep ={z e E|¢(x) =" ()}
(here we use the fact that n is continuous on E). It follows that

N

lp—1lgogt= Z(lEk —1g, oy ") € Im(Id — ™)
k=1

From this we deduce that Im(id — ¢*) C Im(id — ¢*). The opposite inclusion is
obtained in a similar way. Hence K°(X,¢) = K°(Y,) as ordered groups.

(iii)=(i) Let a : K°(X., ¢+) — K°(Yi,1,) stand for an order isomorphism
preserving the distinguished order units. By Theorem 3.5, ¢, and ¢, are the Vershik
transformations associated to some Bratteli diagrams (V!, E', >1) and (V?, E%, >2)
respectively. Then we have

Vol Mo zvit M k(v EY) = KO(X., 6.)

and
2 2 2 2
gVl Mo v Moo Ko(V?, E?) = K°(Y,,v,).

Since the transformations are almost minimal, we may assume that the incidence
matrices M}, M2 k = 1,2,... of these diagrams satisfy (a) and (b) from Def-
inition 3.2. Contracting, if necessary, these diagrams we obtain two families of
one-to-one homomorphisms Ay, : zZIVel Z'VkQ', By - ZIVil Z'Vkl+1|, k=0,1,...,
which “realize” a and a~! respectively. This means that the following two diagrams
commute:

zlvil Mo, g M Ko(V?, EY)

o al sl -

2
M Ko(V2, E?)

M2
Z|V02| —0> Z|V12‘




M} M}
7IWVol 0 7Vl 1 g|Vi|

o SR B

givel _Ms vz ME Ko(V2, E?)

Notice that Ag is well defined because of « preserves the distinguished order units.
Since « is order preserving, it follows that Ay, By, viewed as matrices, have only
non-negative entries. Moreover, since a preserves the distinguished order units, Ay
and By, are of the form

* *
Ak:(o 0 1)’Bk:(o o0 1)'

Denote by (V3, E5) the (unordered) Bratteli diagram associated to the sequence

1
M2

Z‘V01| _é0_> Z|V02| _EO_> Z‘V11| _é1_> Z‘V12| _El_>

It follows from (3) and (4) that ByA, = M}, App1 By = M7, forall k=0,1,...,
ie. (VI EY) and (V2 E?) are contractions of (V3, E3) on odd and even levels
respectively. The special form of the incidence matrices from each of the three
Bratteli diagrams implies that there is a distinguished vertex at each level. This
is the vertex which is joined with only one vertex from the proceeding level. The
infinite path passing through these vertices is a distinguished path in the Brat-
teli compactum associated to the diagram. As for X, and Y, are concerned this
distinguished path is just *x. Let Z stand for the Bratteli compactum associated
to (V3, E3). Clearly the map which naturally identifies the corresponding infinite
paths in the two Bratteli compactums associated to a diagram and to a contraction
of it is a homeomorphism. Thus we obtain two homeomorphisms F; : Z — X, and
F>: Z —Y,. Notice that F; and F; preserve the tail equivalence relations and the
distinguished paths. Hence FgFl_1 is a strong orbit equivalence of ¢, and ¢,. U
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